High-resolution CK a spectra have been obtained for samples containing carbon cage particles, synthesized using the arc-discharge graphite evaporation technique. The X-ray fluorescence spectrum of particles from the inner part of the cathode deposit was found to differ from that of the soot collected on the chamber walls. The dependence of the spectral profile on the geometry was investigated using quantum-chemical calculations of carbon nanotube fragments with different helical pitches. The spectrum of multiwall particles agrees best with the theoretical spectra of zig-zag tubes. The agreement between the spectra of tubular particles in the soot and the theoretical results is best for single-wall armchair tube structures. These studies are complemented by calculations of the frontier orbitals of nanotube fragments. q
Introduction
Operating a graphite arc-discharge evaporation chamber at high temperatures in a helium atmosphere at reduced pressure makes it possible to synw x thesize carbon cage molecules -the fullerenes 1 . Under such conditions, carbon cage particles of variw x ous morphologies have been produced 2 . The carbon deposit formed on the cathode consists of multiwall structures: nanotubes, onions, capsules and, to w x some degree, glassy carbon 3-5 . Carbon soot formed on the cooled walls of the chamber contains w x single-wall tube-like particles 6,7 .
In spite of substantial differences in the synthesis conditions, single-wall as well as multiwall particles ) Corresponding author. E-mail: TOMANEK@pa.msu.edu consist of graphitic carbon. Electron microscopy investigations of nanotubes extracted from the deposit have shown that these systems contain carbon hexagons arranged in a helical fashion about the tube w x axis 4 . The helical pitch varies from tube to tube, with the chiral angle of the individual tubes ranging w x from 4 to 128 5,8 . These tubes are most closely related to the zig-zag configuration designated as Ž . w x n,0 9 . The determination of the atomic arrangement in the tubes is experimentally difficult and has been so far successful only for bundled nanotubes w x forming ropes 10 . These ropes consist, to a large Ž . w x degree, of m,m armchair-like tubes 10-12 . In these tubes, two of the hexagon sides are oriented along the perimeter. Theoretical studies have shown that the local arrangement of carbon atoms has a profound effect on the electronic structure of nanw x otubes 13-15 . In particular, it has been shown that ( )tubes can be conducting or semiconducting depending on the chiral angle and the number of carbon w x hexagons along the tube perimeter 16,17 . One of the prominent experimental techniques to investigate electronic structure is X-ray fluorescence spectroscopy. CK a spectra contain the information about the electronic structure of carbon nanoparticles as a superposition of the local C2p electronic densiw x ties of states of the constituent atoms 18,19 . Highresolution X-ray spectra characterize the composition w x and chemical bonding in a given system 20,21 .
In this Letter we present high-resolution CK a spectra of two samples produced using the arc-discharge graphite evaporation technique, one containing predominantly single-wall and the other multiwall structures. The significant difference between these spectra suggests that the electronic structure of carbon atoms in single-and multiwall systems is different. We use quantum-chemical calculations of carbon tube fragments with various chiralities to interpret the experimental results. In the theoretical part of this work, we focused on single-wall tubes. The interaction between carbon atoms in neighboring shells of multiwall structures is considerably weaker than the neighbor interaction within each graphitic layer. We assume that the inter-layer interaction cannot substantially change the profile of the X-ray spectrum. This is confirmed by the good agreement between the X-ray emission spectrum of graphite and the calculated spectrum of a two-dimensional w x graphite layer 22 . Previously published ab initio studies indicate that the structure of the occupied electronic states in single-wall and multiwall carbon w x nanotubes is very similar 23 .
Experiment
The arc-discharge apparatus is described in Ref. CK a fluorescence spectra of samples 1 and 2 were recorded on the X-ray spectrometer 'Stearat'. The samples were mounted on a copper substrate and cooled down to liquid nitrogen temperature in the evacuated chamber of the X-ray spectrometer. The X-ray tube with a copper anode was operated at U s 6 kV and I s 0.5 A. The spectral resolution was ; 0.5 eV. We used the NAP single crystal as a crystal-analyzer. The peculiarities of the use of this crystal to record CK a spectra have been described w x in Ref. 24 . This X-ray technique allowed us to determine the transition energy with an accuracy of ; 0.3 eV.
The comparison between the CK a spectra of samples 1, 2 and a polycrystal graphite sample with a grain size of more than 10 mm is presented in Fig.  2 . The general features of all these spectra are similar. We find that the vast majority of carbon atoms in samples 1 and 2 are of sp 2 -type, which means that the nanoparticles predominately consist of hexagons. Four main features, marked as A X , A, B and C, can be distinguished in the spectra. The spectra were normalized to the value of the most intensive peak C. The relative intensities of the marked features are different. The peaks A and B in the CK a spectrum of sample 2 are more intensive, whereas the peak A X is less intensive than the corresponding peaks in the spectrum of sample 1. We suppose that the main reason for these differences is the different morphology of the structures in the two samples. In order to verify this assumption, we studied the effect of the hexagon arrangement in the tube fragments on the structure of the occupied electronic states using quantum-chemical methods.
Calculation
We performed quantum-chemical calculations of w x carbon nanotube using the PM3 Hamiltonian 25 w x and the program GAMESS 26 . We considered our Ž . self-consistent field SCF calculations to be converged when the maximum change between subsequent iterations was below 10 y8 for relative total energy differences and 10 y5 for relative charge density differences. Here we present calculations for Ž . Ž . fragments of 10,0 -5,5 nanotubes containing five hexagons in the axial direction. These tube fragments are shown in a perspective end-on view in Fig. 3 . The dangling bonds at the ends of the nanotube fragments were saturated by hydrogen atoms. The carbon-carbon bonds have been assumed to be 1.42 A long. The second-neighbor distance between carbon atoms along the tube perimeter has been takenå s 2.43 A. We used 1.1 A for the carbon-hydrogen bond length. All atoms have been assumed to have the same radial distance from the tube axis, defining the tube radius. This definition of the cluster geometry ensures minimal distortion of the non-planar hexagons in the tubes spanning the whole range between armchair and zig-zag structures. The calculated diameters and chiral angles for the tubes we considered are summarized in Table 1 .
Results and discussion
The tube fragments we consider contain equal numbers of carbon and hydrogen atoms. This allows us to estimate the relative stability of the tube frag-Ž ments based on the calculated total energies Table  . Ž . Ž. Ž. 1 . We found the fragments of 10,0 , 8,2 and 5,5 tubes to be thermodynamically more stable than the others. The features distinguishing these structures in the considered series of tubes are the achirality of Ž . Ž . 10,0 and 5,5 tubes and, from a theoretical vieww x point 27 , the metallic conductivity of the infinite Ž . 8,2 tube. These results seem to support the com- 28 , the reactivity of n,0 nanotube fragments depends sensitively on the symmetry that is co-determined by their length. Nanotube fragments of D symmetry are only thermodynamically stable nd when they carry an excess charge of y2e or q2e.
Ž . Consequently, growth of n,0 zig-zag nanotubes, which involves successive alternation between D nh and D fragments, is expected to proceed fastest in nd the presence of a net excess charge. Since such a charge can be provided most efficiently by the cathode of the carbon arc apparatus, it is not surprising to find that zig-zag nanotubes form abundantly under these conditions. The relative abundance of chiral nanotubes is possibly linked to the kinetics of formation, since the fastest growth is expected near the 'kinks' at the growing edge.
The reactivity of a cluster depends qualitatively Ž on the size of the gap between the HOMO highest . Ž occupied and the LUMO lowest unoccupied molec-
. w x ular orbital 29 . Our results, presented in Table A convenient tool to interpret the X-ray spectrum of a system in terms of its electronic structure is Ž based on the MO LCAO molecular orbitals repre-. sented as linear combinations of atomic orbitals w x method and Koopman's theorem 31 . In this approximation, the X-ray spectral profiles are interpreted as the partial C2p electronic density of states in the ground state. The electronic spectrum of a finite cluster or a molecule is, of course, discrete. The location of a spectral line on the energy scale is given by the eigenvalue of the MO. The intensity of a given spectral line in the X-ray spectrum is obtained using the projection on the appropriate AOs in the ground state. It is calculated by summing up the Ž . squared coefficients of the 2p C AOs participating in the construction of a particular MO. The lines were normalized and convoluted with a Lorentzian curve with a full width at half maximum of 0.6 eV. The theoretical spectrum of a tube fragment was obtained by superposing the broadened molecular orbitals.
The calculated electronic spectra of 40 central Ž . atoms in fragments of various n,m nanotubes are Ž . shown in Fig. 3 II . These 40 central atoms form the 10 hexagons of the central part of cluster and are equally positioned at the cluster edges. We expect the electronic structure in the central region of the finite fragments to resemble closely the electronic structure of long, defect-free tubes. The calculated spectral profiles agree quite well with the experimental spectra, justifying a posteriori the use of quantum-chemical methods to interpret the X-ray spectra and to study the electronic structure of tubular carbon nanoparticles. Weak differences are observed in Ž . Ž . the theoretical spectra of the 10,0 -5,5 tube series.
Ž . Our results in Fig. 3 II indicate a tendency for the intensity of peak B to increase with respect to the Ž . main peak C when changing from the zig-zag 10,0 Ž . tube to the armchair 5,5 tube. Fig. 3 . I Perspective end-on view of n,m nanotube fragments considered in the calculations: 1 10,0 zig-zag tube; 2 9,1 tube; 3 Ž .
Ž . Ž . Ž . Ž . Ž . Ž . 8,2 tube; 4 7,3 tube; 5 6,4 tube; 6 5,5 armchair tube. Calculated X-ray spectra, based on the local densities of states at sites in the Ž . Ž . center II and at the exposed edge III of the tube fragments.
Carbon atoms at tube ends contribute significantly to the X-ray spectra of real samples containing short and defective tubes. To study the effect of tube ends on the X-ray spectra, we show the calculated CK a spectra of the 40 carbon atoms at the end of the tube Ž . fragments in Fig. 3 III . In contrast to the theoretical spectra of the tube centers, the spectra of the edge atoms change considerably across the nanotube se-Ž . Ž . Fig. 1.2 . A small concentra-Ž . tion of hydrogen -0.5 wt% , which is expected to be present in the soot during the arc-discharge evaporation of graphite, can lead to the formation of C-H w x bonds at the open tube ends 33 .
The ends of most tubes are closed by hemispheriw x cal domes or polyhedra 2 . Scanning tunneling spec-Ž . troscopy STS measurements show that the electronic structure of the valence band differs consider-Ž . ably between the body and the end of n,0 tubes w x 34 . These data indicate an increase of the electronic density of states by localized states at the tube ends, and the appearance of an additional sharp maximum near the Fermi level. Then, also the intensity of peak A X in the X-ray spectrum should increase accordingly, which is in agreement with our theoretical Ž . results for the 10,0 tube fragment. As seen by Ž . Ž . The local electronic density of states near the tube ends has been found to depend significantly on tube diameter and chirality and only to a much lesser degree on the w x structure of the tube apex 35 .
As seen in Fig. 2 , the relative intensities of peaks A and B are enhanced with respect to the main peak C when comparing the X-ray spectrum of sample 2 with that of sample 1. The same intensity increase of peaks A and B is observed in the calculated spectra Fig. 3 when comparing armchair m,m to zig-zag  Ž . n,0 tube fragments. This trend appears even more pronounced in the density of states of edge atoms, Ž . shown in Fig. 3 III and should be best observable in Ž . X-ray spectra of short m,m nanotubes with a large fraction of edge atoms or defects. However, the local electronic densities of states at the edge and in the Ž . central part of n,0 zig-zag tubes are similar when comparing the relative intensities of peaks A, B and C. Consequently, a larger fraction of edge atoms or defects, occurring in short zig-zag-like tubes, is unlikely to change their X-ray spectra significantly. The only exception is a relative intensity increase of the low binding-energy peak A
X at the open end of zig-zag nanotubes. As seen in Fig. 2 , this peak appears to be more pronounced in sample 1, taken from the cathode deposit, than in sample 2 obtained from the cold chamber walls, leading to the conclusion that short zig-zag nanotube fragments may be more abundant in the cathode deposit than at the chamber walls.
We have already mentioned that the shift of peak A X towards lower binding energies, along with its intensity increase, is a characteristic of zig-zag-like tubes. It is also intriguing to study any other changes of the electronic structure, in particular that of the HOMO, as the nanotube geometry changes from a zig-zag-like to a more armchair like morphology. The character of the HOMO in the different nanotube fragments is shown in Fig. 4 . The contribution of a radially oriented atomic p orbital at a particular site to the p-like HOMO is visualized by the radius of a circle at that site. The color of the circle denotes Ž the phase of the particular p orbital white circles denote an orbital directed 'radially in', black circles . an orbital directed 'radially out' . We find the character of the HOMO changes drastically as the morphology transforms from zig-zag towards armchairlike. In nanotubes with a morphology close to that of Ž . Ž zig-zag n,0 nanotubes, the HOMO and also the . LUMO is predominantly localized at tube ends, where the dangling bonds may be saturated by hydrogen. In armchair-like nanotubes, on the other hand, atoms in the center and at the edge appear to participate evenly in the HOMO. Since the reactivity of nanotubes is closely related to the character of their frontier orbitals, we conclude that zig-zag nanotubes may be especially reactive near their growing edge. The relative inertness of armchair nanotubes, on the other hand, may be explained by the equally small participation of all tube sites in the HOMO.
Conclusions
Based on the present study, we believe that carbon soot, which is formed in the atmosphere of the arc-discharge apparatus, contains carbon nanotubes with structures that most closely resemble those of Ž . m,m 'armchair' nanotubes. Our calculations show that fragments of these tubes are the most thermodynamically stable. The difference between the X-ray spectra of samples produced under various synthetic conditions can be understood by comparing the theoretical spectra of zig-zag and armchair tubes. These differences are even more pronounced in systems with a large fraction of edge atoms, such as in short and defective tubes.
